Infrared microspectroscopy (IMS) is emerging as an important analytical tool for the structural analysis of biological tissue. Th is report describes the use of IMS coupled to a synchrotron source combined with principal components analysis (PCA) to monitor the fate and eff ect of dinitrotoluenes in the roots of maize and sunfl ower plants. Infrared imaging revealed that maize roots metabolized 2,4-dinitrotoluene (DNT) and 2,6-DNT. Th e DNTs and their derivative aromatic amines were predominantly associated with epidermis and xylem. Both isomers of DNT altered the structure and production of pectin and pectic polysaccharides in maize and sunfl ower plant roots. Infrared peaks diagnostic for aromatic amines were seen at the 5 mg L −1 concentrations for both DNTs in maize and sunfl ower treated tissue. However, only infrared peaks for nitro groups, not aromatic amines, were present in the maize treated at 10 mg L −1 . For sunfl ower, the 10 mg L −1 level was toxic and also produced very dark root systems making spectra diffi cult to obtain. Maize and sunfl ower seem unable to metabolize eff ectively at concentrations higher than about 5 mg L −1 DNT in hydroponic solution. Based on the results of this study, IMS combined with PCA can be an eff ective means of determining the fate and metabolism of organic contaminants in plant tissue when isotopically labeled compounds are not available.
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Infrared Monitoring of Dinitrotoluenes in Sunfl ower and Maize Roots
K. M. Dokken and L. C. Davis* T he fate, transport, and phytotoxicity of dinitrotoleuenes (DNTs) in plants have not been comprehensively studied. Most studies have focused on the parent compound 2,4,6-trinitrotoluene (TNT), where the phytotransformation pathway has been well characterized (Hannink et al., 2002) . 2,4-dinitrotoluene (2,4-DNT) and 2,6-dinitrotoluene (2,6-DNT) are common by-products of TNT production at explosives and munitions plants. Th ey are also common intermediates in the production of polyurethanes. Dinitrotoleuenes most often occur as a mixture of the isomers 2,4-DNT (∼78%) and 2,6-DNT (∼19%) in waste streams of munitions plants and in the soil of military installations where explosives have been used (Etnier, 1987) . Dinitrotoleuenes are known to be neurotoxic, causing blood cell disorders and reproductive problems, and possibly are carcinogenic (DNTs have been found to cause cancer in rats and dogs), resulting in a listing as a priority pollutant by the USEPA (1990) . Th e 2,6 isomer of DNT is considered to be the more toxic form, but there is little experimental evidence to support this assumption. In a report by Picka and Friedl (2004) , DNTs were found to be the most phytotoxic among the nitroaromatics, although another report suggests the hydroxylamino derivatives of DNTs, produced by the partial reduction of one nitro group, were more phytotoxic than their parent DNT compounds (Tadros et al., 2000) . Only two reports have discussed the fate of DNTs in plants. Schneider et al. (1996) conducted a survey on the fate of DNTs in eight diff erent plant species exposed to DNTs (at 1 mg kg −1 ) in soil from an ammunition plant. In that study, most of the DNT accumulation took place in the roots and to a much lesser extent in the stems and leaves. Similar results were reported in a review written by Hannink et al. (2002) about the phytoremediation of explosive compounds.
In this report, synchrotron-radiation infrared microspectroscopy (SR-IMS) was used to determine the fate and eff ect of DNTs in maize and sunfl ower roots. Th e ability of SR-IMS to produce a spatially localized image revealing the type, distribution, and relative amount of a chemical component with respect to plant anatomy in a rapid, direct manner has made this technique very attractive to plant researchers. Conventional techniques often use strong chemical treatments and extractions with volatile solvents and cannot visualize the spatial distribution of plant microstructures. Th e imaging ability of infrared microspectroscopy (IMS) permits the analysis of plant cell wall architecture at the cellular level. Th e use of synchrotron radiation as an infrared source and the application of chemometric methods, such as principle components analysis (PCA), make IMS a powerful tool for the study of plant growth and development (Dokken et al., 2005a,b,c) .
We previously reported the use of SR-IMS to probe complex microstructures and biopolymers in the root tissue of sunfl ower and maize plants (Dokken and Davis, 2007) . A study by Ghosh and Luthy (2006) showed the use of SR-IMS to characterize the location and association of TNT in soil. We previously reported the successful use of SR-IMS to determine the eff ects of 2,6-DNT in maize root tissue (Dokken et al., 2005c) . Both 2,4-DNT and 2,6-DNT have a log octanol/water partition coeffi cient (log K OW ) around 2. Compounds that possess a log K OW between 1.5 and 3 are moderately hydrophobic and bind to tissues containing lipids (Burken, 2003) but may also be mobile in the plant. Th e fi nal location of TNT in plants such as wheat (Sens et al., 1999) and smooth bromegrass (Sun et al., 2000) was predominantly in the cell walls where a major portion was bound to lignin residues. Similar results have been observed in hydroponically grown bean plants (Palazzo and Leggett, 1986) where up to 80% of the label from TNT remained in the root. We observed that soil-grown alfalfa plants can tolerate continual watering with 60 mg L −1 TNT solution, with no extractable TNT remaining in the soil, but the nature of the reaction products was not determined (Davis et al., 2002) .
Th is report compares how exposure to DNTs aff ects the growth and development of root tissues in maize and sunfl owers and shows its distribution into rapidly growing root tissue. Th e use of SR-IMS may give insight into mechanisms by which plants metabolize these contaminants.
Experimental Procedure
Reagents and Plant Culture Solutions 2,4-dinitrotoluene (2,4-DNT) and 2,6-dinitrotoluene (2,6-DNT) were purchased from Sigma-Aldrich Chemical Company (St. Lois, MO). Stock solutions (1.0 g L −1
) were stored in sealed glass bottles and used for dilution into hydroponic plant culture solutions and calibration standards for high-performance liquid chromatography (HPLC). When sealed, all stock solutions remain stable for at least 6 mo due to the low vapor pressure of these compounds (<1.5 × 10 −4 atm), which ensures low volatilization losses. Hydroponic plant culture solutions were prepared by diluting the stock solutions into standard Hoagland's nutrient solution prepared as previously described by Castro et al. (2004) .
Growth of Plants
Commercial oilseed type sunfl ower seeds and Pioneer Maize seeds (hybrid 32M38) were germinated by the Petri dish method as previously reported by Dokken and Davis (2007) . After a 7-d germination period, vigorous seedlings were transferred to amber stock jars containing Hoagland's hydroponic nutrient solution. Th e water level was maintained nearly constant by adding fresh Hoagland's solution every day for an adaptation period of approximately 3 d. Seedlings ranged in weight from 1.4 to 2.5 g, with two true leaves and shoot heights of 2.5 to 4.5 cm after adaptation. Seedlings weighing <1.8 g were discarded. Four seedlings in weight-stratifi ed (matched) groups were used for each experimental treatment.
Plants were grown in 150 mL of Hoagland's solution containing 0, 5, 10, or 15 mg L −1 of 2,4-DNT or 2,6-DNT under 24 h lighting at 25°C. On Days 2 and 3, solution was added to return the volume to 150 mL. On the Day 4, the plants received fresh growth solutions. An aliquot of the old solution from Day 4 was retained (at 4°C) for HPLC analysis. On Days 5 through 7, solution was added to return the volume to 150 mL.
On Day 8, plants were harvested, and another sample of solution was taken for HPLC analysis. Th e roots of the freshly harvested plants were briefl y washed with deionized water to remove any unadsorbed solution on the root surface. Root tips were then dissected for crysectioning.
Cryosectioning of Plant Roots for Synchrotron Radiation Infrared Microspectrocopy
Cryosectioning of the root tissue was conducted on an IEC minotome with cryostat (Triangle Biomedical Sciences, Durham, NC). Th e representative roots from each treatment were pooled (~5 roots per treatment), and samples were dissected into 1-cm sections from the tip. Th e root tissues were frozen onto specimen blocks surrounded by Tissue Tek (Sakura Finetek USA, Inc., Torrance, CA) at −40°C in preparation for sectioning at −20°C. Th e 4-μm-thick frozen sections were thaw-mounted onto infrared-refl ecting "E" glass microscope slides (Smiths Detection, Danbury, CT). Th e slides were stored at room temperature until analysis.
High-Performance Liquid Chromatography Method
High-performance liquid chromatography was conducted on a liquid chromatograph (Model 330; Altex, Reno, NV) using a Hamilton PRP-1 column (150 × 4.1 mm) (Hamilton, Reno, NV) with an eluant fl ow rate of 1.0 mL min −1 . A methanol/ water (9:1) mixture was used as the eluant, with an injection loop volume of 20 μL. Both 2,4-DNT and 2,6-DNT were detected at 275 nm in a spectrophotometer fl ow cell (Altex/ Hitachi Model 100-40). All samples were centrifuged before injection to prevent solid contaminants from entering the analytical column.
Synchrotron Radiation Infrared Microspectrocopy
Fourier transform IMS was conducted at the National Synchrotron Light Source at Brookhaven National Laboratory in Upton, New York as previously described in Dokken and Davis (2007) , with a Nicolet NicPlan infrared (IR) microscope and Th ermo-Nicolet Magna 860 (Madison, WI) spectrometer equipped with a KBr beamsplitter on beamline U2B. Th e narrow-range, internal mercury cadmium telluride detector was used, covering a range of 4000 to 650 cm −1
. A collimated synchrotron light with a beam energy of 800 MeV was passed through an external beam pipe into the IR microspectrometer to perform refl ection spectroscopy. Th e IR spectra were collected in absorption mode at a resolution of 4 cm −1 with 64 scans co-added to improve signal-to-noise ratio. Each spectrum was ratioed to a reference, taken at an empty part of the low "E" slide, which was recorded with the same parameters and conditions but with 128 scans. A 12-μm-square aperture with 10-μm steps was used for generating an IR map of root sections using the Atlμs, a component of the Omnic 6.0 software package (Th ermo-Electron, Madison, WI) that controls the microscope stage. Th e microscope optics were purged using dry N 2 to minimize absorption of CO 2 and water vapor in the ambient air. Synchrotron radiation IMS spectra were expressed as log [1/R] (equal to absorbance), and a baseline correction was used to generate the fi nal spectra. Specifi c regions of root tissue were selected for line and area mapping using Atlμs. Th e motorized computer-controlled microscope stage traced the designated tissue area for sampling into an XY grid for the synchrotron beam to follow. Infrared spectra were taken as a point-by-point sequence across the designated area to form an XY surface that corresponded to the morphology of the sample. Th e resulting data can be displayed as a series of spectroscopic images collected at individual wavelengths or as a series of IR spectra, one for each pixel of the mapped image. Th e spectra from the data set were areanormalized to compensate for changes in thickness across the section. Functional group images were produced by plotting the intensity of the IR spectral bands as a function of the XY position. False color intensity maps were derived from the area under particular spectral features. Th e number of samples and areas examined varied due to limited synchrotron beam time as well as the energy status of the synchrotron beam.
Principal Components Analysis
Principal components analysis of the Fourier-transform IR spectra was performed using the WINDAS software package (Kemsley, 1998) . A "construct matrix" consisting of the raw preprocessed spectra was used to construct the model. Two thirds of the spectra were used as the training set to develop the model, and one third were used to test the model. All spectra were taken in the range of 4000 to 680 cm −1
. For all PCA experiments, only the IR fi ngerprint region, 1800 to 700 cm −1 , was used to reduce the number of variates to be calculated. A singlepoint baseline correction was performed at 1800 cm Th e data matrix was constructed of the untreated and DNT-treated plants root tissue and compressed using the covariance method yielding principal components or PCs, which represent the major variation between the selected groups. A PC score plot was then created to show the distribution of the samples. Th e fi rst two PCs were the only PCs needed to show distinct separation between untreated and DNT-treated plant root tissue in these studies.
Results and Discussion

Uptake of 2,4-Dinitrotoluene and 2,6-Dinitrotoluene by Maize and Sunfl ower Plants
High-performance liquid chromatography analysis revealed the disappearance of 2,4-DNT and 2,6-DNT from the hydroponic growth solutions of maize and sunfl ower. Details are in Supplemental Table S1 . Overall, maize plants were more tolerant than sunfl ower plants to both forms of DNT. Maize plants were able to absorb 100% of the DNT from solutions containing 5 mg L −1 2,4-DNT and 5 mg L −1 2,6-DNT and about 91% of the 10 mg L −1 2,4-DNT but absorbed only half of the 2,6-DNT. Sunfl owers were able to uptake 100% of DNT from the 5 mg L −1 2,4-DNT growth solution and 84% from the 5 mg L −1 2,6 DNT. Th e phytotoxic eff ect of 2,6-DNT was seen at levels greater than 5 mg L −1 for both species. At 15 mg L −1 2,6-DNT, both species died within 8 d of exposure, whereas half of the sunfl owers exposed to 10 mg L −1 2,6-DNT died after 8 d of treatment. Lower solution uptake, decreased fresh weight gain, and lesser total dry weight were the trends associated with higher concentrations of both DNTs, whereas a decrease in root and shoot lengths was observed in both species at all the concentrations of DNTs tested. Not all eff ects were statistically signifi cant at the 5 mg L −1 level. Th e rather steep threshold for injury and death at 10 to 15 mg L −1 suggests that the detoxifi cation system becomes overwhelmed rather than a simple inhibition of some processes being caused by the DNT. Plants have been reported to show damage from TNT levels as low as 1.5 mg L −1 (Pavlostathis et al., 1998) . Burken et al. (2000) noted that TNT and its degradation products are more toxic in hydroponic solution than in soil.
Interpretation of the Fourier Transform Infrared Spectra of 2,4-Dinitrotoluene and 2,6-Dinitrotoluene
Th e Fourier-transform IR spectra of research-grade 2,4-DNT and 2,6-DNT in potassium bromide pellets are depicted in Fig. 1A and 1B (see Supplemental Table S2 for identifi cations of the IR peaks of importance for 2,4-DNT and 2,6-DNT). Th e peaks corresponding to the asymmetric and symmetric stretch of NO 2 at 1530 and 1350 cm −1 are of particular interest (Stewart et al. 1986) . Th e appearance of these peaks in the root tissue would suggest that some nitro groups were not reduced to amino groups. Upon reduction of the nitro groups to amino groups, the peaks representing NO 2 would disappear and peaks representing aromatic amines in the regions of 1350 to 1260 cm −1 (C-N stretching) and 1638 to 1602 cm −1 (NH 2 scissoring) may appear (Lin-Vien et al., 1991) . Th is change provides a basis for determining whether or not the maize and sunfl ower plants are able to metabolize or modify the DNTs. Th e corresponding amino-nitro toluenes were not studied by IR for our analysis.
Synchrotron Radiation Infrared Microspectrocopy of Sunfl ower Roots Exposed to 2,4-Dinitrotoluene
Synchrotron radiation infrared microspectrocopy was not conducted on root tissues from sunfl owers treated with any level of 2,6-DNT or 15 mg L −1 2,4-DNT. Th e 10 and 15 mg L −1 2,6-DNT were lethal to the sunfl ower plants. Th e roots from sunfl ower plants treated with 5 mg L −1 2,6-DNT, and 10 and 15 mg L −1 2,4-DNT were dark brown and unsuitable for examination using SR-IMS (spectra not shown). For sunfl owers only roots of plants treated with 5 mg L −1 2,4-DNT were studied by SR-IMS.
Th e location of peaks associated with NO 2 symmetric and asymmetric stretching and aromatic amines are fairly close to some prominent bands found in untreated sunfl ower tissue. Th is was especially true in the cortex, where visual comparison of spectra from untreated and 5 mg L −1 2,4-DNTtreated roots was not conclusive. Exploratory PCA was used to uncover the major spectral variations between the cortex of untreated and 2,4-DNT-treated sunfl ower plants. Figure  2 shows a PCA score plot from 30 spectra arbitrarily selected from cortex of untreated and treated sunfl ower plants (15 from each treatment). Th e cortex spectra from the 2,4-DNTtreated sunfl owers were sampled from three diff erent root sections: one area map and two line maps. Th e cortex spectra from the untreated sunfl ower root were randomly selected from untreated sunfl ower root tissue. Exploratory PCA separated both treatment groups using the fi rst two PC scores. Th e fi rst PC loading (Fig. 3A) accounted for 90% of the overall spectral variance, whereas the second PC loading (Fig. 3B) accounted for only 5.3%. Th erefore, even though the spectra from the cortex of untreated and 2,4-DNT-treated sunfl owers were visually similar, they were clearly distinguishable. Th e fi rst PC loading contains IR peaks that indicate the presence of 2,4-DNT and modifi ed forms where one of the nitro groups was reduced to an amine group. Th ese peaks can be seen a 1346 cm −1 , representing NO 2 symmetric stretch, and 1628 cm −1 , representing NH 2 scissoring in aromatic amines. A peak at 1461 cm −1 may indicate the presence of the methyl group on 2,4-DNT, but it may also signify the C-H bend of OCH 3 found in cellulose or pectic polysaccharides. A band at 1093 cm −1 in the carbohydrate fi ngerprint region suggests changes in the cross-linking of polysaccharides in the 2,4-DNT-treated sunfl owers. Th is IR band is commonly found in the pectic polysaccharide, arabinan (Kacurakova et al., 2000) , so 2,4-DNT may aff ect the production of this polysaccharide. A change or damage in the protein portion of the root of 2,4-DNT-treated sunfl owers is evidenced by the presence of the amide I and amide II peaks in the second PC loading (Fig. 3B) .
Th e spectra of epidermal tissue of roots from 2,4-DNTtreated sunfl ower plants were easy to distinguish from untreated root tissue (Fig. 4) . Infrared peaks associated with 2,4-DNT and its aromatic amine modifi ed form can be observed. Both IR bands, which are diagnostic for aromatic amines, are present at 1628 cm −1 (NH 2 scissoring) and 1258 cm −1 (C-N stretch). As in the case with the fi rst PC loading of cortex, only the NO 2 symmetric stretch of 2,4-DNT was present at 1346 cm −1 . Also, it appeared that the epidermal tissue from the 2,4-DNT-treated sunfl ower was more lignifi ed (large increase in intensity at 845 cm −1 , aromatic C-H bend). Aromatic polymers derived from DNT reduction products have similar features.
Th e functional group area maps showing the spatial distribution and concentration of 2,4-DNT and pectic polysaccharides in the root tissue of untreated and 5 mg L −1 2,4-DNT-treated sunfl owers sectioned at about 400 μm from the root tip are displayed in Fig. 5 . It is clear that 2,4-DNT is associated with both cortex and epidermal tissue in the DNT-treated sunfl ower, with higher concentrations in the epidermis (Fig. 5D) . Figures 5E and 5F show the area under the peak centered at 1093 cm −1 , representing the concentration and distribution of pectic polysaccharide in untreated root tissue and 5 mg L −1 2,4-DNT-treated root tissue, respectively. Th e cortex of the 2,4-DNT-treated sunfl ower is predominantly blue and light green, indicating little or no presence of the 1093 cm −1 band, which confi rms the results of the PCA conducted earlier on cortex of untreated and 2,4-DNT-treated sunfl ower.
From the above results, it can be concluded that sunfl owers are very sensitive to 2,4-DNT and 2,6-DNT. Th e SR-IMS and PCA data indicate that 2,4-DNT and its aromatic amine form are present in cortex and epidermal tissue. However, the presence of both aromatic amine peaks in the epidermis does provide evidence that aromatic amines are primarily associated with epidermal tissue. Modifi cation of 2,4-DNT is also indicated by the lack of the IR peak for NO 2 asymmetric stretch in the PCA or IR spectra of roots from 2,4-DNTtreated sunfl ower. At the DNT concentrations studied, it appears that sunfl owers are able to metabolize only a fraction of the 2,4-DNT they absorb. Th is was confi rmed by the presence of peaks for 2,4-DNT and aromatic amines. Th e SR-IMS supports the evidence obtained through wet chemistry methods that plants modify 2,4-DNT to an aromatic monoamine (Burken et al., 2000) .
Synchrotron Radiation Infrared Microspectrocopy of Maize Roots Exposed to 2,4-Dinitrotoluene and 2,6-Dinitrotoluene
Roots from maize plants treated with 15 mg L −1 2,4-DNT or 2,6-DNT were not examined in this study. Th e 15 mg L −1 2,6-DNT solutions were lethal to the maize plants, and the 15 mg L −1 2,4-DNT treatment produced dark brown roots that could not be analyzed by SR-IMS. Maize roots were studied from 5 and 10 mg L −1 2,4-DNT and 2,6-DNT treatments. Th ree separate roots sections taken from about 700 μm from the root tip from maize plants treated with 5 mg L −1 2,4-DNT were examined for the presence of 2,4-DNT features. Twenty spectra from untreated and 20 spectra from 5 mg L −1 2,4-DNT-treated maize were arbitrarily selected for exploratory PCA of the epidermal tissue. Th e PCA score plot shown in Fig. 6 depicts distinct separation between the epidermal tissue of untreated and 5 mg L −1 2,4-DNT-treated maize plants using the fi rst two PCs. Th e fi rst (Fig. 7A ) and second PC loadings (Fig. 7B) derived from the PCA represented 61 and 25.6% of the spectral variance, respectively. Th e fi rst PC loading seen in Fig. 7A contains the IR band at 1627 cm −1 , indicating the presence of the aromatic amine, derived from 2,4-DNT, in the epidermis. Th is peak was also present in the second PC loading (Fig. 7B) . However, no peaks representing nitro groups were present in either loading. Th is suggests that the maize was able to metabolize the 5 mg L −1 2,4-DNT and reduce the nitro groups to amine groups. Th ese plants appeared healthy and completely absorbed the 2,4-DNT (Supplemental Table S1 ). Both PC loadings contained the methyl ester peak at 1734 cm −1 and peaks indicative of pectic polysaccharides. Th e peaks at 1143 and 1117 cm −1 are commonly found in the spectra of arabinogalactan and xyloglucan. Th is could mean that the cross-linking for pectic polysaccharides is altered by . Spectra are arbitrarily off set for ease of presentation.
2,4-DNT treatment. Further evidence of this can be found in the second PC loading, which displays spectral features characteristic of pectin at 1108, 1054, and 1024 cm −1 (Séné et al., 1994; Kacurakova et al., 2000) . Th is indicates that 2,4-DNT causes an increase the production of pectin in epidermal cell walls of maize. Similar results were observed in PCA of native and CesA mutants of potato tubers, in which some mutants displayed increased pectin production to compensate for lower cellulose production (Oomen et al. 2004) . Confi rmation of an increase of the pectin content can be seen in Fig. 8F , which shows the functional group area map of the spatial distribution and the concentration of pectin in the root tissue from maize plants treated with 5 mg L −1 DNT. When compared with the pectin content in the untreated root tissue (Fig. 8E) , it is clear that the epidermis of the 2,4-DNT-treated maize contains more pectin. Th is intensity of the pectin peaks for the 2,4-DNT-treated plants is about 27% more than the spectra observed in the untreated maize plants. Figure 8F shows the area under the peak centered at 1627 cm −1 , representing concentration and distribution of aromatic amines in the 2,4-DNT-treated root tissue. Th e aromatic amines were highly concentrated in the epidermis of maize, with scattered areas of low concentration in the cortex. Aromatic amines were absent from the untreated tissue (Fig. 8C) . Figure 9 displays the typical spectra of xylem tissue from untreated and 10 mg L −1 2,4-DNT-treated maize plants. Infrared peaks due to symmetric and asymmetric stretching of nitro groups at 1529 and 1348 cm −1 were observed in the xylem spectra of 10 mg L −1 2,4-DNT -treated maize plants. Th e DNT-treated tissue appears to have more protein due to higher intensities for the amide I and amide II bands and higher lignin content (845 cm −1 ). Another signifi cant feature is the diff erence in the carbohydrate fi ngerprint region at 1200 to 900 cm −1 between the DNT-treated and untreated xylem. Th e pectic polysaccharide content was altered due to 2,4-DNT treatment. Th e absence of IR bands characteristic of aromatic amines suggests that the maize plants were not able to reduce the nitro groups or that the level of aromatic amines was too low to be detected by SR-IMS. A signifi cant decrease in intensity at 1734 cm −1 in the 2,4-DNT-treated tissue suggests an increase in unesterifi ed pectins. Th is usually correlates with changes in pectic polysaccharides, as seen with tobacco cells adapted to high concentrations of sodium chloride .
Th e functional group area maps showing the distribution of 2,4-DNT and esterifi ed pectins in the root tissue of untreated and 10 mg L −1 2,4-DNT-treated maize plants sectioned about 1 cm from the root tip are depicted in Fig. 10 . Th e distribution of nitro groups was highest in the epidermis, followed by less deposition in the xylem and endodermis (Fig. 10D) . Overall, the xylem and epidermis of the untreated maize tissue contained more esterifi ed pectin (Fig. 10E) than the root tissue of 10 mg L −1 2,4-DNT-treated maize plants (Fig. 10F) .
Th e above results suggest that maize was able to metabolize 5 mg L −1 2,4-DNT, reducing the nitro groups producing aromatic amines, although the treatment caused signifi cant changes to the pectin and pectic polysaccharides in the maize plant cell wall. Also, maize plants treated with 2,4-DNT exhibited a developmental eff ect similar to slr (stunted lateral root) mutants of maize, which possess altered pectin structure (Hochholdinger et al., 2004) . At 10 mg L −1 2,4-DNT, the nitro groups were present in the root tissue; however, IR bands for aromatic amines were not present. Th is suggests that maize plants probably metabolize 2,4-DNT at concentrations between 5 and 10 mg L 2,6-DNT were sampled for the presence of DNT in their root tissue. Twenty spectra from untreated and 20 spectra from 10 mg L −1 2,6-DNT-treated maize were arbitrarily selected for exploratory PCA of the cortex tissue. Th e PCA score plot shown in Fig. 11 shows some separation between the cortex tissue of untreated and 10 mg L −1 2,6-DNT-treated maize plants using the second and third PCs. Th e second (Fig. 12A ) and third PC loadings (Fig. 12B) derived from the PCA represented 29 and 10.7% of the spectral variance, respectively. Th e second PC loading seen in Fig. 12A contains IR bands that represent protein at 1655 and 1547 cm −1 and a characteristic pectin peak at 1101 cm −1 . Th is peak was also observed in the third PC loading (Fig. 12B) along with a characteristic cellulose peak at 1240 cm −1 , which suggests an alteration to the cellulose structure. Also present in the third PC loading are a peak diagnostic for aromatic amines at 1635 cm −1 and a nitro peak at 1528 cm −1
. Th is provides evidence that 2,6-DNT and its aromatic amine are present but at low concentration because the third PC loading contributes only a minor amount to the overall spectral variance. Exploratory PCA did show separation between epidermal tissue of untreated and 10 mg L −1 2,6-DNT-treated maize plants using the fi rst two PC scores (Fig.  13) . Th e fi rst PC loading (Fig. 14A) contributed 71% of the spectral variance. Th e asymmetric and symmetric NO 2 stretching bands are observed in the fi rst PC loading. Infrared bands associated with pectic polysaccharides and cellulose are present in the fi rst and second PC loadings. No bands associated with aromatic amines were present in either loading. Th is mimics the results seen for maize treated with 10 mg L −1 2,4-DNT. Th is is confi rmed by Fig. 15 , which displays the functional group area maps showing the spatial distribution of 2,6-DNT in the root tissue of untreated and 10 mg L −1 2,6-DNT-treated maize plants sectioned between 700 and 800 μm from the root tip. Th e distribution of 2,6-DNT was confi ned to the vascular tissue and epidermis, with only small amounts seen in the cortex (Fig. 15D) .
A similar pattern of metabolism was seen for 2,4-DNT and 2,6-DNT in maize root tissue. 2,4-Dinitrotoluenes and the derivative aromatic amines were predominantly associated with epidermis and xylem. Th ese results confi rm the initial hypothesis that DNTs are bound primarily to tissues that contain lignin. Also, both isomers of DNT altered the structure and production of pectin and pectic polysaccharides. Aromatic amines were seen at the 5 mg L −1 concentrations for both DNTs in maize and sunfl ower treated tissue. However, at 10 mg L −1 DNT, only nitro groups were present in the maize treated tissue. Th is suggests maize is unable to metabolize DNTs eff ectively at concentrations higher than about 5 mg L −1 in hydroponic solution. Th e same is presumably true of sunfl ower. Higher levels were toxic to both species (Table S1 ).
Conclusions
Th e results of this study show that SR-IMS, in conjunction with PCA, can be an eff ective means of determining the fate and metabolism of organic contaminants in plant tissue. Th e ability to obtain spatially localized infrared spectra with respect to a particular anatomical component or morphology is very benefi cial for determining the fate of a compound in living tissue. Th e results could then be compared with different developmental plant mutants to provide more insight into the plant response to a specifi c class of organic compounds. In addition, the ability to assess plants for their phytoremediation potential for a particular class of compounds will be possible. Access to a synchrotron facility may not be necessary due to the more recent availability of high-sensitivity focal plane array detectors. Focal plane array detectors can provide comparable spectral analysis with a globar source in a similar timeframe, albeit with a lower signal-to-noise ratio and limited pixel dimension (Aitken et al., 2010; Heraud et al., 2007) . Because resolution is wavelength limited in the fi ngerprint region, there is little gain in attempting resolution of areas smaller than 10 μm. Of course, species of plants with much smaller cells, such as Arabidopsis, are not amenable to the anatomical resolution shown here. 
